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Abstract

Aerobic biological filtration systems employing nitrifying bacteria to remediate excess ammonia and nitrite concentrations are
common components of recirculating aquaculture systems (RAS). However, significant water exchange may still be necessary to
reduce nitrate concentrations to acceptable levels unless denitrification systems are included in the RAS design. This study
evaluated the design of a full scale denitrification reactor in a commercial culture RAS application. Four carbon sources were
evaluated including methanol, acetic acid, molasses and Cerelose™, a hydrolyzed starch, to determine their applicability under
commercial culture conditions and to determine if any of these carbon sources encouraged the production of two common ‘‘off-
flavor” compounds, 2-methyisoborneol (MIB) or geosmin. The denitrification design consisted of a 1.89 m? covered conical bottom
polyethylene tank containing 1.0 m® media through which water up-flowed at a rate of 10 Ipm. A commercial aquaculture system
housing 6 metric tonnes of Siberian sturgeon was used to generate nitrate through nitrification in a moving bed biological filter. All
four carbon sources were able to effectively reduce nitrate to near zero concentrations from influent concentrations ranging from 11
to 57 mg/l NO5—N, and the maximum daily denitrification rate was 670-680 g nitrogen removed/m> media/day, regardless of the
carbon source. Although nitrite production was not a problem once the reactors achieved a constant effluent nitrate, ammonia
production was a significant problem for units fed molasses and to a less extent Cerelose ™. Maximum measured ammonia
concentrations in the reactor effluents for methanol, vinegar, Cerelose™ and molasses were 1.62 + 0.10, 2.83 & 0.17, 4.55 &+ 0.45
and 5.25 £ 1.26 mg/l NH;-N, respectively. Turbidity production was significantly increased in reactors fed molasses and to a less
extent Cerelose ™. Concentrations of geosmin and MIB were not significantly increased in any of the denitrification reactors,
regardless of carbon source. Because of its very low cost compared to the other sources tested, molasses may be an attractive carbon
source for denitrification if issues of ammonia production, turbidity and foaming can be resolved.
© 2007 Elsevier B.V. All rights reserved.
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of water and subsequent release of wastewater.
Heightened environmental standards have led, in part,
to the concept of sustainable aquaculture, which has
received much attention in the last decade, and
governmental policies have been established to promote
its development and practice (Buschmann et al., 1996;
Houte, 2000; Olin, 2001; Harache, 2002; Cranford
et al., 2003; Pita et al., 2006). Although specific
definitions of sustainable aquaculture are varied (FAO,
1995; Boyd and Tucker, 1998), limited water use is a
critical component of any definition and there is a
growing demand from consumers for products grown in
environmentally responsible systems (Frankic and
Hershner, 2003). Numerous efforts are currently
underway to develop “‘zero discharge” recirculation
systems (Suzuki et al., 2003; Sharrer et al., 2007).

In order to be profitable, however, aquaculture farms
first need to be self-sustaining, and growth in aquaculture
has led to some interesting paradoxes. In order to be
profitable, farmers often feed high protein feeds in great
quantity to increase fish growth rates. This leads to
significantly more nitrogenous waste (i.e. ammonia,
nitrite and nitrate), which may be discharged in large
amounts unless it is captured and treated before
discharge. Aerobic biological filtration systems employ-
ing nitrifying bacteria to reduce concentrations of
ammonia and nitrite—nitrogen have become common-
place in freshwater intensive tank-based recirculating
aquaculture systems (Timmons et al., 2001; Hall et al.,
2002). These technologies are well understood and are
decidedly effective at reducing ammonia and nitrite—N
concentrations in production systems to acceptable levels
(Sharma and Ahlert, 1977). Nitrate—N is the end result of
the nitrification process and is removed either by a
denitrification process that ideally converts nitrate—N to
nitrogen gas or by water exchange.

Denitrification systems that reduce the concentration
of nitrate—N are much less common in commercial
aquaculture, and the industry has been slow to adopt this
technology for several reasons. First and foremost,
denitrification systems are challenging to operate and
generally costly to build. For flow-through facilities,
which have access to large quantities of water at low
costs, there is little incentive to adopt this technology.
Pond culture systems have little buildup of nitrate-N as
denitrification is a natural process taking place at the
water/pond bottom interface (Losordo and Westeman,
1994; Gutierrez-Wing and Malone, 2006) and ammonia
nitrogen and nitrate are taken up directly by micro-
scopic algae and plants in the pond. Discharge of
nitrogen in any form has detrimental effects on the
environment, and in the future, more stringent effluent

regulations on aquaculture production will place new
limits on new and existing production facilities.

If aquaculture is to keep pace with global demand,
new production facilities will need to be built, and these
new facilities will not have access to the quantities of
water that established facilities have had. Additionally,
these facilities may not be able to discharge wastewater
with excessive concentrations of organic or inorganic
nitrogen. Further, nitrate has traditionally been viewed
as relatively non-toxic to aquatic species (Russo, 1985;
Hrubec, 1996; Jensen, 1996; Van Rijn, 1996), because
unlike ammonia or nitrite-N, in which studies have
shown significant pathological effects at elevated
concentrations, few studies are available detailing the
effects of nitrate—N exposure. Evidence from recent
studies, however, has shown elevated nitrate concentra-
tions to be a significant concern for a number of
commercially relevant aquatic species, demonstrating
both lethal and non-lethal effects (Hamlin, 2006;
Guillette and Edwards, 2005; Hrubec, 1996). Finally,
a universally accepted and readily available concept for
the design and operation of a commercial scale
denitrification system has not yet been developed and
implemented by the aquaculture community (Grguric
et al., 2000; Menasveta et al., 2001; Klas et al., 2006;
Van Rijn et al., 2006).

The process of nitrate removal converts nitrate to
more reduced inorganic nitrogen species, and employs
two primary bacterial groups. The first group reduces
nitrate to either nitrite or ammonia, and the second
group converts nitrate, via nitrite, to dinitrogen gas (N5).
The production and accumulation of nitrite from nitrate
is often referred to as incomplete denitrification.
Elevated nitrite can be of considerable concern as it
causes methemoglobinemia, commonly termed brown-
blood disease in fish, which reduces the oxygen carrying
capacity of the fish’s blood (Boyd and Tucker, 1998).
Methemoglobinemia can be fatal if the condition is
severe. To ensure complete denitrification, an external
carbon source is often used that serves as the electron
donor and facilitates the denitrification process (Grom-
men et al., 2006; Van Rijn et al., 2006). Although
methanol is the most commonly used amendment, other
carbon sources can be used including commercially
available starches, sugars and other alcohols (Sperl and
Hoare, 1971; Kessreu et al., 2003).

Carbon limiting the denitrification process results in
incomplete denitrification and a concomitant accumu-
lation of nitrite. Conversely, an excess of organic
electron donors can result in the production of hydrogen
sulfide, which can also pose a toxicological threat to the
cultured product (Spotte, 1979). Therefore, regulating



H.J. Hamlin et al./Aquacultural Engineering 38 (2008) 79-92 81

carbon additions is critical to properly removing nitrate
from the aquatic system through biological denitrifica-
tion without deleterious effects. Measuring the oxida-
tion reduction potential (ORP) in the denitrification
media has been cited as an operationally practical
method of ensuring that complete denitrification is
occurring while reducing the likelihood of toxic sulfide
production (Breck, 1974; Balderston and Sieburth,
1976; Lee et al., 2000). Complete denitrification results
in an ORP of <—200 mV (Sillén, 1965).

In recirculation systems with limited water
exchange, the process of nitrification leads to reductions
in alkalinity and a concomitant decline in pH. These
reductions are remedied with the routine addition of
alkalinity supplements such as sodium bicarbonate.
Denitrification results in an increase in alkalinity (Kim
and Bae, 2000), and depending on the rate of
denitrification and alkalinity of any makeup water,
should reduce the expense of alkalinity supplements.

The problem of ““off-flavor” in the cultured product
is an economically significant problem in aquaculture.
Microorganisms, such as Micromonospora species
capable of producing earthy or musty off-flavor
compounds can grow in low oxygen or anoxic
environments, similar to those present in denitrification
environments (Johnston and Cross, 1976). Two of the
most well documented compounds implicated in off-
flavor are 2-methylisoborneol (MIB) and geosmin
(Schrader and Rimando, 2003). System components
capable of generating these compounds could threaten
the economic viability of the cultured product.

The purpose of this study was to evaluate a design for
a commercial scale denitrification system using readily
available materials and to evaluate its potential use in
commercial aquaculture. In addition, four carbon
sources including methanol, acetic acid (vinegar),
molasses and Cerelose™, a readily available starch,
were examined to determine their performance and
applicability under commercial aquaculture conditions
and to determine if any of these carbon sources
encourage the production of either MIB or geosmin, two
“off-flavor” compounds that can adversely affect the
flavor quality of aquaculture products.

2. Materials and methods
2.1. Denitrification filter design

The denitrification filter consisted of a 1.89 m> R
122 cm diameter, 170 cm high covered conical bottom

(15 angular degree) polyethylene tank (Snyder Indus-
tries, part # 589045001, Lincoln, NE) containing 1.0 m’

plastic extruded floating media (AMB™ media, EEC)
(Fig. 1). Water was pumped up through the extruded
plastic media bed at a flow rate of 10 Ipm. The filter
media bed was backwashed weekly by fluidization and
mixing with air injected through a grid at the bottom of
the reactor above the conical bottom. The released
solids (mostly bacterial cells) were settled, collected
and thickened in the cone and removed through a
bottom drain (5 cm diameter). An expanded metal
screen in the bottom of the tank above the cone
prevented the media from exiting the waste drain during
the solids removal process. The units were completely
drained during backwashing. Important to this design is
the fact that the media filled only a portion of the reactor
volume to allow adequate space for mixing during
backwashing. The water exited the denitrifying filter
reactor at the top of the unit through a perforated PVC
pipe covered with plastic mesh. The carbon sources
were injected into the culture water inflow (see Fig. 1)
with a ceramic piston pump (FMI Fluid metering
QG150-Q1CKCW/Q2CKCW, Syosset, NY).

2.2. The aquaculture system

A commercial aquaculture system holding 6 metric
tonnes of Siberian sturgeon (Acipenser baeri) was used
to generate nitrate through nitrification in a moving bed
biological filter (Fig. 2). Approximately 7570 I/m of
recirculating water, from a system of four 70.0 metric
tonne fish tanks, flowed by gravity through pipes and an
open channel to a rotating 60 pwm drum screen filter (PR
Aqua Rotofilter Model 4872, Nanaimo, BC, Canada)
for solids removal before flowing into the moving bed
biofilter containing 25 m® of aerated extruded plastic
media (AMB™ media, EEC). The water then cascaded
over an aluminum weir into a degassing area, where it
was vigorously aerated. The water was then pulled
under a divider wall into a non-aerated chamber where it
was oxygenated with pure oxygen gas by two FAS™
hooded paddlewheel oxygenators (FAS™ Turboxygene
LR200, Vago di Lavagno, Italy) prior to being pumped
by a low-head, high-volume variable speed pump back
to the tanks. The denitrifying reactors were located near
the rotating drum filter (Fig. 2) and used water
processed through the drum screen filter for the
denitrification process. Water exiting the denitrification
filters drained into the treated flow-stream from the
drum screen filter immediately entering the moving bed
biofilter. Fish within the system were fed an average of
50 kg of feed (Silver Cup™'; 45% protein, 19% lipid)
daily, being distributed by automatic feeders every
30 min on a 24 h cycle.
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Fig. 1. Schematic diagram (not to scale) of the denitrification assembly for commercial use in aquaculture.

2.3. Experimental protocol

Water from the sturgeon culture system was pumped
from the drum filter to each of 12 denitrification units at
a flow rate of 10 Ipm/filter, which produced a mean
hydraulic retention time in each 1 m® bed of approxi-
mately 100 min. Three pumps delivered the water to
each of 12 denitrification units (1 pump per 4
denitrification units) (Fig. 2) and each denitrification
unit had a separate flow meter. Once the nitrate—N
concentration in the system averaged 55 mg/l NO3;-N,
the denitrification filters were engaged and allowed to
run until system nitrate—-N concentrations dropped to
10 mg/l NO3;-N. The filters were then disengaged
(turned off and left static) and nitrate concentrations in
the fish culture system were allowed to return (via
nitrification) to the 55 mg/l NO3;—N concentration, at
which point the filters were backwashed and again put
online. This cycling was repeated three times with the

Drainflowfromtanks
— PumMpflowbacktotanks

time required for the system nitrate—N concentration to
rise to 55 mg/l NO5;—-N between the experimental cycles
being approximately 7-10 days.

The four carbon sources that were evaluated in
triplicate included methanol (Simmons Chemical,
Sarasota, FL), vinegar (acetic acid, 20% concentration)
(Cruzan Int. Inc., Lake Alfred, FL) refinery molasses
(#300 standard blackstrap, 70% solids) (U.S. Sugar
Corporation, Clewiston, FL) and powdered Cerelose ™
(99.5% dextrose) (Corn Products U.S., Westchester,
IL). The amount of each carbon source added to the
reactors was dictated by the concentration of nitrate in
the system, and was dosed based on a grams carbon to
grams nitrogen basis (C/N ratio). Methanol, acetic acid,
Cerelose™ and molasses were dosed according to a C/
N of 2.0, 1.7, 2.5 and 2.5, respectively. The amount of
each carbon source pumped to the denitrification filters
was adjusted based on carbon content of each source.
Startup carbon to nitrogen ratios (g/g) were chosen to
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Fig. 2. Schematic diagram (not to scale) of the system configuration and experimental denitrification unit locations.



H.J. Hamlin et al./Aquacultural Engineering 38 (2008) 79-92 83

ensure adequate carbon for complete denitrification of
the flow-stream through the denitrifying filter. For
methanol a ratio of 2 g C/g N was chosen as this ratio
was being successfully used in a similar system in
Europe. This gave an equivalent methanol usage of
5.3 g methanol/g N. For acetic acid, a C/N ratio of
1.7 g C/g N was used (Mohseni-Bandpi et al., 1999)
resulting in an equivalent acetic acid usage of
4.3 g acetic acid/g N. Because of the uncertainty on
the availability of the carbon in the starch (Cerelose™
Dextrose; 99.4% p-glucose, Corn Products Co.) and the
molasses (Blackstrap Molasses 300, U.S. Sugar Co.), a
conservative approach was taken for the calculation of
the startup ratios for these sources. For the starch and
the molasses the target C/N ratio was 2.5 (Gomez et al.,
2000). The fraction of carbon in simple sugars is 0.4
(40%). Data from Corn Products Co. on BOD
(biological oxygen demand) and COD (chemical
oxygen demand) of the starch suggested that 71% of
this carbon would be available. The starch required to
provide an available C/N ratio of 2.5 was 8.8 g starch/g
N. A similar calculation was made for molasses using
the same factors and taking into account the sugar
content of 44%. A molasses to N ratio of 20/1 would be
required to achieve an available C/N ratio of 2.5 and
these ratios proved effective at facilitating complete
denitrification.

Since altering the dosing pumps daily to accom-
modate declining system nitrate concentrations was not
practical, the carbon source dosing rates were adjusted
when system concentrations reached 55, 45, 35 and
25 ppm nitrate—N.

For safety in handling, the methanol and acetic
acid were diluted with water to 8.7% and 6.0%,
respectively. The powdered Cerelose™ was mixed
with well water to a concentration of 44% for
pumping purposes. The molasses was used as
received. A completely randomized design was used
when assigning each of the carbon sources to a
reactor. In the second cycle, in order to prolong the
trial and increase the possibility of methanol reaching
a constant effluent nitrate, the Cerelose™, molasses
and vinegar fed denitrification units were disengaged
at day 20 of operation until it was clear the methanol
units were at a relatively constant effluent nitrate.
Water and carbon flows were checked daily. Samples
from each denitrifier were collected at the outlet of
each reactor between 08:00 and 09:00 h daily for
chemical analyses. Oxidation—reduction potential
(ORP) readings were also documented at the time
of collection. The samples were processed immedi-
ately after sampling each day.

2.4. Chemical analyses

ORP was measured daily with probes (Pinpoint,
PH370, American Marine Inc., Ridgefield, CT) placed
continuously at the discharge outlet of each denitrifica-
tion reactor. The probes were cleaned at the beginning
and end of trial 1 and at least once daily for trials 2 and
3. The ORP probes were calibrated twice a week for all
trials. Total ammonia-N (TAN) concentration was
measured using the direct photometric method (Smart 2
Colorimeter, LaMotte Co., Chestertown, MD) with the
Nessler reagent method (Greenberg et al., 1992).
Nitrite—N concentration was measured photometrically
by evaluating the compound formed by diazotization of
sulfanilamide and nitrite coupled with N-(1-naphthyl)-
ethylenediamine (Smart 2 Colorimeter, LaMotte Co.).
Total nitrate was measured daily with an ion specific
probe (Ion 6, Acorn Series, Oakton InstrumentsTM,
Vernon Hills, IL). Nitrate-N concentration was calcu-
lated using measured total nitrate concentration divided
by 4.4. Initial nitrate—N concentrations were confirmed
with an Auto Analyzer™ to ensure accuracy of the
results. Turbidity was measured daily using a formazin
standard measurement (Smart 2 Colorimeter, LaMotte
Co.). The alkalinity concentration was determined by
titration (Hach Company™, Loveland, CO) and pH
(double junction electrode, Oakton InstrumentsTM)
was measured routinely throughout the trials. COD
was analyzed using a mercury free digestion with
dichromate in the presence of silver salts (Smart 2
Colorimeter, LaMotte Co.).

2.5. Analysis of geosmin and MIB levels in water
samples

Individual water samples were placed in 20-ml glass
scintillation vials, and these vials were covered with
foil-lined caps (Fisher Scientific: catalog # 03-337-4).
Vials were filled completely so that no air bubbles were
present when the vial was capped and then inverted.
These samples were maintained at 4 °C until ready for
shipping by overnight express service to the USDA,
ARS, Natural Products Utilization Research Unit,
University, MS, for analysis of geosmin and MIB levels.

The solid-phase micro-extraction (SPME) proce-
dures used to quantify levels of geosmin and MIB in
water samples were according to those used by Lloyd
etal. (1998) and as modified by Schrader et al. (2003). A
CombiPAL autosampler (Leap Technologies, Carrboro,
NC) connected to an Agilent 6890 (Agilent, Santa
Clara, CA) gas chromatograph—mass spectrometer
(GC-MS) were used to analyze samples. Each water
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sample was run in triplicate, and mean values were
determined for levels of MIB and geosmin. The
instrumental detection threshold limit during this study
was 1.0 ng/l.

2.6. Statistical evaluations

Statistical analyses were performed using StatView
for Windows (SAS Institute, Cary, NC, USA). Analysis
of variance (ANOVA) of the various parameters was
used to compare differences among treatment groups. If
significance was determined (P < 0.05), Fisher’s
protected least-significant difference was used to
determine differences among treatment means.

3. Results and discussion

These results represent the first stage of an intended
two-stage study. The purpose of this first study was to
determine whether the denitrification design could be
used in commercial culture, and determine whether the
carbon sources tested were viable options in commer-
cial culture systems. Unfortunately, the commercial
production building housing this experiment was
destroyed in a fire at the end of this study, negating
the possibility of conducting phase two, which would
fine tune dosing rates and evaluate the technical
performance of single denitrifiers on individual
recirculating culture systems.

3.1. Theoretical reactions and the production of
extracellular material

The consumption of a carbon source used for
denitrification is primarily due to three reactions which
include the conversion of nitrate to nitrogen gas, the
removal of oxygen from the system, and the production
of extracellular material by other reactions. If the water
entering the reactors is deoxygenated, then there is no
consumption of the carbon source by oxygen. In this
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study, the water input to the reactors was not
deoxygenated. Table 1 shows the C/N ratio (mol/mol)
that is stoichiometrically required and the daily amount
of the carbon source necessary based on daily
denitrification. The equations used to calculate the
data in Table 1 are shown in Egs. (1)—(7). For these
reactions, Egs. (1) and (2) are taken from McCarty et al.
(1969) and Egs. (3)—(7) were calculated using the half
reactions given in McCarty et al. (1969).

Methanol:
0, +0.93CH;0H + 0.056NO3;~ +0.056H"
— 0.056CsH;0,;N + 0.65CO, + 1.69H,0 (1)

NO;™ +1.08CH30H —+ Ht
— 0.065CsH7;0O,N + 0.47N, 4+ 0.76CO,
+2.44H,0

Acetic acid:

@)

0, +0.5CH;COOH + 0.144NO;~ 4 3.32H"
— 0.144CsH;0,N + 0.716CO, +2.56H,0
3

0.53CH3COOH + NO;~ +3.18H"
— 0.42N, 4+ 0.15CsH;0;N + 1.8H,O + 3.0CO,
4)
Starch (99.4% glucose):
0, +0.332C6H 206 + 0.144NO; ~ +4H*
— 1.29CO, + 0.144CsH;0,N + 1.56H,0O (5)

0.176C¢H 206 +NO; ™ +2.8H*
— 0.42N + 0.15CsH;0,N + 3.33H,

O + 3.50C0, (0)

Sucrose is the largest constituent of the sugar in
molasses, accounting for 32.5%. Other sugars are fruc-
tose 5%, glucose 2.1% and reducing substances as

Table 1

C/N ratio (mol/mol) required based on the stoichiometry and the daily amount of carbon source necessary based in the daily denitrification
Carbon Denitrification rate Required C/N Required C Actual C/N Actual C Cellular

source (g/day nitrate—N) (mol/mol)?* (g C/day) (mol/mol) (g C/day) material (g/day)
Methanol 670 1.06 643 23 1478 363

Acetic acid 670 1.05 771 2.0 1592 860

Starch® 680 1.00 694 29 2012 872

Molasses® 670 1.04 628 29 1998 900

? Weighted average of denitrification and oxygen removal C/N.
® Glucose.
¢ Sucrose.
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dextrose, 10%. Crude protein is also present at 5.7%.
For the following reaction, all the sugars in molasses
will be assumed to be sucrose.

Molasses:

0, +0.0832C,H» 011 + 0.144NO3 ™
— 0.144CsH;0,N + 0.048CO, + 0.229H,0

(7)
0.088C,H», 01 + NO3™ + 1.52H"
— 0.159CsH;0,N + 0.42N; +0.33CO,
+3.72H,0 (8)

Actual C/N and delivered carbon were more than the
theoretical amounts for required denitrification and
oxygen removal. This is due to the conservative
assumptions made to insure complete denitrification
during the experiment. Reductions and fine tuning of
carbon dosages will be investigated in future work.

Cellular production calculated in these stoichio-
metric equations reflects only material produced by
denitrification and oxygen reduction processes. The
glucose (starch) and sucrose (molasses) are carbohy-
drates which can encourage the growth of facultative
anaerobes with resulting partial fermentation. This
growth is at the expense of the true denitrifiers and
results in sludge production in the reactors. In this study,
an examination of the reactors showed that the highest
sludge production was in the molasses units. The order
of sludge production from highest to lowest appeared to
be molasses > starch > acetic acid > methanol. Other
investigators have observed similar results. Cuervo-
Lopez et al. (1999) reported that denitrification with
glucose resulted in 90% more production of carbohy-
drate sludge and 190% more protein compared to
methanol. Gomez et al. (2000) found similar results
with 70% more biofilm growth with sucrose as
compared to methanol.

3.2. Nitrate

Fig. 3 shows the concentrations of nitrate—N (A) and
ORP (B) values as a function of time in the effluent of
each of the denitrification reactors fed the various
carbon sources. As expected, system nitrate concentra-
tions dropped rapidly with the implementation of the
denitrification reactors, despite the low water flows
through the units. It took approximately 8 days of
operation for the Cerelose™, molasses and vinegar fed
reactors to reach a constant effluent nitrate in trial 1,
although there was a significant reduction in nitrate
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—»— Molasses
—o— Vinegar
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Fig. 3. Nitrate-N (A) and ORP (B) values for commercial denitrifica-
tion units supplemented with four different carbon sources. The units
were engaged when the recirculating system was at 55 mg/l NO;-N
and disengaged when the system dropped to 10 mg/l NO3;—N. This was
repeated for three cycles. The filters remained static in between cycles.
On day 20 of operation the Cerelose™, molasses and vinegar fed
denitrification units were disengaged to ensure methanol had time to
reach a constant effluent nitrate before the end of the trial.

concentration for both Cerelose™ and molasses by
only day 3 of operation with outflow concentrations of
19.2 £54 and 11.5 £ 3.5 mg/l NO3-N, respectively,
with an inflow (system) concentration of 44.7 mg/l
NO;-N. The methanol fed reactors took approximately
10 days to reach a constant effluent nitrate. In trial 2, it
took only 4 days for Cerelose™™ and vinegar to reach a
constant effluent nitrate, 5 days for molasses and 11
days for methanol fed reactors. Since we wanted to
ensure that all denitrifiers reached a constant effluent
nitrate in each trial, we disengaged the Cerelose™,
molasses and vinegar fed reactors on day 9 of trial 2, to
allow system nitrate concentrations to remain above the
10 mg/l NO5-N threshold long enough for the methanol
reactors to reach a constant effluent nitrate, which
occurred on day 11 of operation. In trial 3, it took
approximately 3 days for the Cerelose™, molasses and
vinegar fed units to reach a constant effluent nitrate and
the methanol units 5 days. In general, a constant effluent
nitrate concentration of NO3;-N averaged 0.97 £ 0.09
exiting the denitrifying reactors regardless of incoming
concentration or carbon source in the tested range of
11-56 mg/l NO3;—N.
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3.3. ORP

Nitrification and denitrification reactions are oxida-
tion/reduction processes whereby electrons are trans-
ferred from reducing to oxidizing agents until the
reaction has reached an equilibrium. The ORP is the
electric potential required to transfer electrons from one
compound to another and is often used as a qualitative
measure of the state of oxidation of a liquid (Chang
et al., 2004). Measured ORP values are related to the
changing concentrations of reducing and oxidizing
elements and have been used as a qualitative indicator
of reaction progress (Kim and Hensley, 1997) with the
Nernst equation as follows:

E—F+ (%)111([[}?:;]]) ©)

where E is the ORP (mV), E° is an ORP standard for the
given oxid/red process, R is the gas constant
(8.314Jm01_1 K_l), T is absolute temperature (K),
n represents the number of electrons transferred
in the reaction, F is the Faraday constant
(96500 C molfl), [Oxi] is the oxidation agent concen-
tration and [Red] is the reduction agent concentration.
Because the ORP value depends on the ratio between
the concentrations of species donating electrons and
species accepting electrons, at high nitrate (electron
acceptor) concentrations and low electron donor (car-
bon source) concentrations the ORP value is expected
to be higher than a situation in which the nitrate
concentration is low and the electron donor is high.
In both cases, however, denitrification will occur since
the denitrifying bacteria have both an electron acceptor
and electron donor, provided oxygen concentrations
are close to zero.

It has been stated that complete denitrification takes
place at an ORP > —200 mV, and that the denitrifica-
tion process may result in the production of hydrogen
sulfide at an ORP > —400 mV (Sillén, 1965). There-
fore, the ideal range for denitrification is —200 to
—400 mV (Lee et al., 2000). In trial 1, Cerelose™,
molasses and vinegar fed units reached a constant
effluent nitrate at an ORP value of —409, —451 and
—311 mV, respectively (Fig. 3B). The methanol fed
units which reached a constant effluent nitrate on day 9
of the 12-day trial, ORP values as they ranged from —11
to +25 mV during the 3 days at a constant effluent
nitrate. It should be noted that in trial 1, the ORP probes
were not cleaned daily and this likely led to a buildup of
organic material which may have resulted in lower than
actual ORP values.

In trials 2 and 3 the ORP probes were cleaned daily
which mitigated inaccuracies due to organic buildup. In
trial 2, Cerelose™, molasses and vinegar fed units
reached a constant effluent nitrate at an ORP value of
—227, —187 and —177 mV, respectively. Methanol did
not reach a constant effluent nitrate until the final 2 days
of the trial and demonstrated ORP values of —20 to
—150 mV. In trial 3 Cerelose™, molasses and vinegar
fed units reached a constant effluent nitrate at an ORP
value of —235, —229 and +30mV, respectively.
Methanol reached a constant effluent nitrate at day 5
of operation at an ORP value of —116 mV.

3.4. Nitrate removal

As expected, the g NO5—N removed/m’/h is greatest
at the most elevated system nitrate concentrations, and
decreases as system concentrations decrease (Fig. 4).
All four carbon sources gave essentially the same
maximum daily denitrification rate of 0.67-0.68 kg ni-
trogen removed/m> media/day. Our calculated rates are
in the midrange of the rates reported by other
investigators for the same or similar carbon sources
(Table 2). All studies referenced in the table focused on
waste water treatment with a variety of laboratory and
pilot plant systems; no reports of daily nitrogen removal
rates in commercial aquaculture systems were found in
the literature. This is the first paper to describe the use of
molasses as a carbon source for nitrogen removal in a
commercial recirculating aquaculture system.

3.5. Nitrite formation

Under aerobic conditions, it is energetically more
favorable for bacteria to utilize molecular oxygen in the
presence of organic electron donors. Under anoxic

30 Cerelose
Methanol

——Molasses

r\) i - Vinegar
= i

¥/ \\u“ q\w

g Nitrate-N removed/m®/hr
o

Days in operation for each trial

Fig. 4. Gram nitrate-N removed per hour of outlet flows for com-
mercial denitrification units supplemented with four different carbon
sources. The units were engaged when the recirculating system was at
55 mg/l NO5-N and disengaged when the system dropped to 10 mg/l
NO;5-N. This was repeated for three cycles. The filters remained static
in between cycles.
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Table 2
Comparison of documented denitrification rates (kg/m3/day) using various carbon sources
Carbon source Denitrification rate System Input NO3;-N Reference

(g NO3-N removed/m3/day) (mg/1)

Methanol 670% Freshwater aquaculture 50 This study
Methanol 43° Marine aquaculture (eel) 150 Suzuki et al., 2003
Methanol 158° Marine aquaculture (shrimp) 165 Menasveta et al. (2001)
Methanol 240-480° Groundwater 22 Gomez et al. (2000)
Acetic acid 670% Freshwater aquaculture 50 This study
Acetic acid 1300-2000°¢ Tap water 25 Aesoy et al. (1998)
Acetic acid 16304 Artificial groundwater 50 Kessreu et al. (2002)
Hydrolyzed starch 680" Freshwater aquaculture 50 This study
Soluble starch 460 Groundwater 13-17 Kim et al. (2002)
Immobilized starch 624°¢ Freshwater aquarium (goldfish) 70 Tal et al. (2003)
Immobilized starch 62°¢ Marine aquarium (cichlids) 14 Tal et al. (2003)
Sucrose 240-480° Groundwater 22 Gomez et al. (2000)
Glucose 10° Artificial fresh and salt water 3.5 Park et al. (2001)
Molasses 670" Freshwater aquaculture 50 This study

# Maximum removal rate normalized to 50 mg/I nitrate-N input.
® Converted from mg/l/day to g/m3 /day.

¢ Pilot plant study.

d Laboratory study.

conditions, nitrate becomes the most favorable terminal
electron acceptor, releasing one nitrite ion for each
nitrate ion, resulting in an undesirable release of nitrite
(Gee and Kim, 2004). In the presence of an excess of
organic electron donors however, both nitrate and nitrite
can be utilized resulting in the production of nitrogen
gas which can enter the atmosphere and thereby exit the
system. Possible denitrification pathways are shown in
the following equations:

NO3;~ — NO,~ — NO (nitric oxide)
— N, O (nitrous oxide) — N, (10)

NO;~ — NH,OH (hydroxylamine)

— NH; (ammonia) — organic N (11)

Eq. (10) is favorable in terms of removing nitrogen
from the system (Brazil, 2004). This pathway is thought
to predominate when a relatively narrow range of
bacteria can degrade the carbon source (Van Rijn et al.,
2006). Methanol and vinegar (acetic acid) are such
sources.

It was apparent in this study that prior to the
denitrification units reaching a constant effluent nitrate,
the resident population of bacteria capable of converting
nitrite to nitrogen gas did not generate enough microbial
biomass to facilitate the process, and significant
concentrations of nitrite accumulated, especially for
units fed molasses and Cerelose™ in trial 1, in
which nitrite concentrations reached 24.6 4.1
and 21.1 5.6 mg/l NO,-N, respectively (Fig. 5A).

Once at a constant effluent concentration for nitrate,
CereloseTM, molasses, vinegar and methanol fed units
did not generate nitrite, and in fact nitrite concentrations
were often 0.0 mg/1 or were significantly reduced in the
Cerelose™, molasses and vinegar fed units.
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Days in operation for each trial

Fig. 5. Nitrite—N (A) and ammonia—N (B) values for inlet (system)
and outlet flows for commercial denitrification units supplemented
with four different carbon sources. The units were engaged when the
recirculating system was at 55 mg/l NO;—N and disengaged when the
system dropped to 10 mg/l NO3;—N. This was repeated for three cycles.
The filters remained static in between cycles.
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3.6. Ammonia production

Eq. (11) is undesirable since ammonia is highly toxic
to most aquatic species (Ackerman et al., 2006; Colt,
2006; Eschar et al., 2006). Both denitrification and
fermentative bacteria can utilize an easily degradable
carbon source such as molasses or Cerelose™. This
reaction can take place under aerobic and anaerobic
conditions (Van Rijn et al., 2006). The ammonia can
then be assimilated into organic amino groups. It is also
possible to produce ammonia by the dissimilatory
nitrate reduction to ammonia (DNRA). The process is
conducted by fermentative bacteria when the reduction
of organic matter is not possible (Tiedje, 1990; Van Rijn
et al., 2006). High C/N ratios are thought to favor the
DNRA process (Tiedje, 1990).

The ammonia levels in the effluent from the reactors
increased during the trials. Maximum measured
concentrations in the reactor effluents for methanol,
vinegar, Cerelose™ and molasses were 1.62 =+ 0.10,
2.83 £0.17,4.55 £ 0.45and 5.25 4+ 1.26 mg/l NH;3-N,
respectively (Fig. 5B). The ammonia concentration in
the methanol fed reactor increased at a steady rate
whereas the other sources increased more rapidly as the
trials neared their end. The reductions of carbon input to
the reactors necessarily lagged the drop in nitrogen
levels due to the time required for sample analysis. This
coupled with the very conservative estimates of the
required C/N ratios needed for Cerelose™ and
molasses, resulted in C/N ratios higher than needed
for complete denitrification. Based on these data, a
reasonable hypothesis may follow that for methanol and
possibly vinegar the ammonia formed is from the
DNRA process, while for the more easily degradable
Cerelose™ and molasses, when coupled with high C/N
ratios, the assimilative nitrate reduction process
dominates. This results in high levels of ammonia
and biomass on the media.

3.7. Alkalinity and pH

Nitrification leads to an alkalinity loss and a
concomitant reduction in pH. Acidic conditions
negatively impact microbial performance of the biofilter
which can deteriorate water quality. Alkalinity supple-
ments such as sodium bicarbonate are often added to the
culture water to remediate reductions. Denitrification
reactors result in an alkalinity gain which can
ameliorate or reduce the need for supplementation. In
trial 1, molasses and vinegar fed units experienced
significantly increased alkalinity concentrations once at
a constant effluent nitrate (Fig. 6A). Methanol fed units

350 —+— System
Cerelose
300 Methanol
250 —=—Molasses
—o—Vinegar
200
150

100
50 +

z

Alkalinity (mg/l)
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4.5

Days in operation for each trial

Fig. 6. Alkalinity (A) and pH (B) measurements for inlet (system) and
outlet flows for commercial denitrification units supplemented with
four different carbon sources. The units were engaged when the
recirculating system was at 55 mg/l NO;-N and disengaged when
the system dropped to 10 mg/l NO5;—N. This was repeated for three
cycles. The filters remained static in between cycles.

did not produce significant increases in alkalinity and
Cerelose™ did not produce significant increases until
day 11 of operation. In trial 2, Cerelose™, molasses and
vinegar fed units all experienced significant increases in
alkalinity, while methanol fed units did not. Trial 3 was
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Fig. 7. Alkalinity gains of denitrification units supplemented with
either methanol (A) or vinegar (B).
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Fig. 8. Alkalinity gains of denitrification units supplemented with
either Cerelose™ (A) or molasses (B).

comparable to trial 2, however the vinegar fed units
appeared less stable and alkalinity production dropped
to insignificant concentrations by day 9 of operation.
There was a significant correlation with alkalinity gain
and NO;-N reduced for all carbon sources tested except
molasses (Figs. 7 and 8).

Interestingly, there was not a concomitant increase in
pH as might be expected with increases in alkalinity
(Fig. 6B). In fact, other than day 4 of trial 1 for all
carbon sources and day 7 for vinegar, the Cerelose™,
molasses and vinegar fed units all experienced
significant reductions in pH. pH is a function of both
alkalinity and acidity concentrations. We can see from
Egs. (1)—(8) that CO, is produced following degradation
of the organic matter. CO, acidifies the aquatic
environment, thereby reducing the pH, and likely
accounts for the reductions in pH seen in this study.
Methanol fed units did not alter pH concentrations in
trials 1 and 2, and experienced a transient increase on
days 5 and 6 of trial 3.

3.8. Turbidity

Although increased turbidity is not necessarily
detrimental to the health and well being of aquatic
inhabitants, excess turbidity can be a nuisance in terms
of evaluating fish behavior, observing uneaten feed and
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Turbidity (FTU)

Fig. 9. Turbidity (FTU) values for inlet (system) and outlet flows for
commercial denitrification units supplemented with four different
carbon sources. The units were engaged when the recirculating system
was at 55 mg/l NO3;—N and disengaged when the system dropped to
10 mg/l NO3;-N. This was repeated for three cycles. The filters
remained static in between cycles.

other management concerns. It was clear from this
study that molasses led to significant increases in
turbidity in all three trials (Fig. 9). Although Cerelose™
fed units produced significantly increased turbidity in
trials 1 and 2, by trial 3 these significant increases were
no longer present.

3.9. COD availability

COD measurements are used to quantify the mass
of potential carbon available to fuel the denitrification
process. The COD in the outflow of each denitrifying
reactor was measured and showed that CereloseTM,
molasses and vinegar fed units contained significantly
elevated COD concentrations, while methanol fed
units contained equivalent COD concentrations to
system values (Fig. 10). These data imply that
the reactors were not carbon limited, and were
receiving enough carbon to facilitate the denitrifica-
tion process.

o Theoretical C.0.D.
(mg/L) influent
350 4 m C.0.D. effluent

o
0 T T T T

System Cerelose Methanol Molasses Vinegar
Carbon source

Fig. 10. Chemical oxygen demand (COD) values for theoretical
influent and actual outlet flows for commercial denitrification units
supplemented with four different carbon sources. COD concentrations
were taken on day 7 of trial 2.
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3.10. Off-flavor

An economically significant problem in aquacul-
ture is “‘off-flavor” in the cultured product. The most
common types of off-flavors that have been cited in
aquaculture products are ‘“‘earthy” and “musty’’ and
these off-flavors are due to the accumulation of
geosmin and 2-methylisoborneol, respectively, in the
flesh of the cultured organism (Tucker, 2000).
Geosmin and MIB are produced by microorganisms
such as certain species of actinomycetes, cyanobac-
teria (blue-green), and fungi (Schrader and Rimando,
2003), and these compounds can be detected by
humans at very low concentrations (e.g., less than
10 ng/l) (Ho et al., 2004). While the source(s) of
earthy and musty off-flavors in recirculating systems
is currently not well understood, some species of
actinomycetes are capable of denitrification (Shoun
et al., 1998; Kumon et al., 2002), and those species of
actinomycetes that are facultative anaerobes may be
present in low oxygen or anoxic environments, similar
to those present in denitrification environments (e.g.,
denitrification reactor).

The levels of geosmin and MIB were measured in
each reactor to determine the following: (1) if the
reactors generated significant quantities of these off-
flavor compounds; and (2) if there was differential
production of these compounds due to any of the
various carbon sources tested. Results revealed that
there was no production of either geosmin or MIB
for any of the carbon sources tested (Fig. 11). This
is a significant finding since the production of off-
flavor compounds such as geosmin and MIB would
reduce the feasibility of utilizing these units in
commercial culture systems in which off-flavor may
be a concern.
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Fig. 11. Off-flavor compound (MIB and geosmin) values for inlet
(system) and outlet flows for commercial denitrification units supple-
mented with four different carbon sources. Samples for off-flavors
were taken on day 7 of trial 3.

4. Conclusions

The denitrification reactor design used in this study
was effective at significantly reducing nitrate concen-
trations within a relatively short timeframe. ORP values
required for the units to reach a constant effluent nitrate
were dependant upon the supplemental carbon source,
with methanol fed units demonstrating higher ORP
values than Cerelose ™, molasses or vinegar fed units.
Although nitrite production was not a problem in this
study once the reactors achieved a constant effluent
nitrate, ammonia production was a significant problem
for units fed molasses and to a less extent Cerelose™.
None of the carbon sources tested enhanced the
production of the off-flavor compounds geosmin and
MIB, an important consideration for food-fish aqua-
culture. Because of its very low cost compared to the
other sources tested, molasses may be an attractive
carbon source for denitrification if issues of ammonia
production, turbidity and foaming can be resolved.
Based on our results from these trials, much lower C:N
ratios should be possible. Additional studies of
molasses as a carbon source are needed.
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